We compute total cross sections for charm and bottom photoproduction at HERA energies, and discuss the relevant theoretical uncertainties. In particular we discuss the problems arising from the small-x region, the uncertainties in the gluon parton density, and the uncertainties in the hadronic component of the cross section. Total electroproduction cross sections, calculated in the Weizsäcker-Williams approximation, are also given.
Introduction
Photoproduction of heavy flavours has been studied extensively in fixed target experiments (ref. [1] ). The measured total cross sections for charm photoproduction turn out to be in reasonable agreement with theoretical expectations (see ref. [2] ).
At HERA new opportunities are available. On one hand, one can extend in energy previous charm production studies, from center-of-mass energies around 30 GeV to energies up to 300 GeV. Some preliminar results have already been presented in ref. [3] . Small-x effects in these high energy regimes may not be negligible for charm production, and it will be interesting to see whether they are important at HERA. Bottom production will also be observable at HERA. The larger value of the bottom quark mass makes QCD predictions more reliable. Furthermore, bottom hadroproduction has been extensively studied at hadron colliders, and the comparison with QCD predictions, although qualitatively good, presents some problems (see refs. [4, 5, 6] ). Theoretical arguments indicate that perturbation theory should describe photoproduction of heavy flavours more reliably than hadroproduction. This is also supported by experimental evidence in fixed-target charm production. HERA has therefore the opportunity to clarify some open questions in bottom production.
In this paper, we discuss the total cross sections for charm and bottom photoproduction, and for electroproduction in the Weizsäcker-Williams approximation, in the HERA energy regime. Our analysis is based on the next-to-leading order calculation of heavy-quark photoproduction and hadroproduction cross sections performed in refs. [8, 9] . Some results in heavy-quark electroproduction at HERA have already been presented in ref. [10] . The computer program we used for this work was developed in refs. [11, 12] , and is available upon request. We will not consider electroproduction cross sections for large photon virtuality, which has been recently discussed in ref. [7] .
Our work is organized as follows. In section 2 we discuss charm photoproduction, focussing especially on the theoretical uncertainties which are specific of HERA physics. In section 3 we give our results for bottom photoproduction. In section 4 we present our results for charm and bottom production in ep collisions, and in section 5 we give our conclusions.
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Charm production
In charm photoproduction at HERA, because of the large center-of-mass energies available, the new problem arises (which was not present in fixed target configurations) of the presence of a large radiative effect, proportional to α em α 2 S log(S/4m 2 c ), where S is the squared center-of-mass energy of the photon-hadron system, and m c is the charm quark mass. This effect is the first manifestation of a whole tower of corrections behaving like α em α S (α S log(S/4m 2 c )) n , arising from the small-x region. In the high energy limit, α S log(S/4m 2 c ) may become of order 1, and one should then worry about resumming all these contributions. A formalism for the resummation has been studied in refs. [13] . In the present work, we will try to assess the importance of these effects at HERA. Following the work of ref. [9] , in fig. 1 we show various contributions to the total pointlike photoproduction cross section, histogrammed as a function of the variable τ , defined as the ratio of the partonic versus the hadronic center-of-mass squared energiesŝ/S. In the case of the pointlike component of photoproduction, this ratio is simply photoproduction, we will simply assume that it may give an enhancement equal to the square of the size of the hump relative to the total cross section, a pattern suggested by the results of ref. [16] . From fig. 3 we can then conclude that our calculation may underestimate the total charm cross section by 20% to 40%, depending upon the parton density choice.
Sizeable small-x effects are also present in the hadronic component of the charm cross section. In this case, we find that the relative importance of the hump contribution varies between 20% and 45% when the center-of-mass energy changes from 50 to 300 GeV (this result was obtained using the MRSA and GRV-HO [17] parton densities in the proton and the photon respectively). The corresponding uncertainty on the final result is considerably smaller than other uncertainties.
Other important inputs in the computation of the total cross section are the value of Λ [18] differs from ours because it actually refers to the 3-loop formula for α S , while we are quoting the 2-loop value). On the other hand, the preferred value of Λ MS 5 used in the latest parton density parametrizations of the CTEQ group is 158 MeV (see ref. [19] ), while the MRSA parametrization uses 151 MeV (see ref. [14] ). These values are below the lowest extreme of the world average range. This is due to the well known fact that the determinations of α S from e + e − data tend to be higher than those from deepinelastic scattering. In order to assess the error in our predictions coming from the uncertainties on Λ
MS
5 , we will therefore consider also the parton density set CTEQ2ML, which was fitted with Λ MS 5 = 220 MeV, a value close to the world average. In summary, our range for Λ

5
is 151 MeV< Λ
MS
5
< 220 MeV, which does not cover the full uncertainty on the present knowledge of α S . We are forced to do so, since larger values of Λ MS 5 are too far from deep inelastic scattering determinations, and it would be difficult to assess their correlation with the gluon density in the proton.
Several uncertainties come into play in the extraction of the gluon density. Its normalization is strongly constrained by the momentum sum rule, while its shape, at relatively moderate value of x, is constrained by direct photon production data. Deep inelastic scattering data constrain the gluon density for relatively small values of x, where it affects the evolution of the singlet parton density. At very small values of x, the gluon density is in fact not yet known with precision. Both the CTEQ and MRS groups assume that its small-x behaviour is the same as that of F 2 , which is measured at HERA down to values of x of the order of 10 −4 . On the other hand, a measurement of the gluon density at Q 2 = 7 GeV 2 has recently been performed by the ZEUS collaboration [20] . We report in fig CTEQ2MF differ essentially in the assumed small-x behaviour. They are consistent with the two extreme parametrizations of the ZEUS data, and we will therefore use them as the two extreme possibilities.
Our results for the pointlike component of the charm cross section are shown in table 1 and in figs. 5 and 6. The strong sensitivity of the cross section to the charm quark mass is quite apparent. Scale sensitivity is also important, giving an uncertainty of a factor of 2 for the low mass value. From fig. 6 we also see that by comparing the cross section measured at HERA with lower energy measurements it should be possible to distinguish between different small-x behaviour of the structure functions.
The hadronic component of the charm cross section is sensitive to the behaviour
Proton PDF set MRSA -8- of the gluon density in the photon at relatively small values of x, a region not yet well explored experimentally. In fig. 7 we show the hadronic component cross section histogrammed as a function of x γ (the partonic x in the photon). We see that the dominant values of x γ are between 10 −2 and 10 −1 . Results from jet photoproduction at HERA [21] give some indication on the gluon density in the photon, whose extraction depends upon the value of the quark densities in the photon in a region where they are not directly probed. These data, in spite of the uncertainties, seem to indicate that the gluon density is between the one in the GRV-HO set [17] and the LAC1 set [22] . We note that the available experimental information on the gluon density in the photon do not allow to distinguish among different next-to-leading order parametrizations [23] of the parton distributions. Furthermore, the gluon density in the more recent leading order parametrization of ref. [24] is within the range spanned by the GRV-HO and the LAC1 sets. We will therefore take the sets GRV-HO and LAC1 as the two extremes. For the proton densities we will use the MRSA set. The relevant results are reported in table 2 and in fig. 8 . In fig. 8 we plot the cross section without hadronic component, and with the hadronic component evaluated with the GRV-HO and LAC1 sets of photon parton densities. We conclude that with the present uncertainty it is quite possible that the hadronic component of the photon dominates the cross section at typical HERA energies. The pointlike and hadronic components of the cross section may be separated experimentally, at least in a first approximation, since in the case of the hadronic component a sizeable fraction of the photon momentum is lost into hadronic fragments. Therefore, at HERA it may be possible to distinguish between the two sets of parton densities in the photon we have considered. 
Bottom production
In the case of bottom production, all the uncertainties we have discussed for charm are strongly reduced. The small-x problem is much less dramatic. We have performed a study of the bottom cross section versus τ , analogous to the one presented for charm in the previous section, and found that the size of the hump contribution is of the order of 20% ot the total cross section. The sensitivity of the pointlike cross section to the other parameters is given in table 3. parameters together in the direction that makes the cross section larger or smaller we get a spread for the bottom cross section which goes from 16 nb to 35 nb at a center of mass energy of 100 GeV, and from 41 nb to 101 nb at 280 GeV. The results for the hadronic component are collected in table 4. The default values correspond to
GeV. We see that in this case the effect of the hadronic component is less dramatic. According to the LAC1 set, the hadronic contribution could be a substantial fraction of the total, while the GRV-HO set gives a much smaller result.
Electroproduction of heavy quarks
We present here our predictions for total charm and bottom cross sections in ep collisions. The total electroproduction cross section in the Weizsäcker-Williams approximation is given by
Proton PDF set MRSA 
Photon PDF set GRV-HO In the following, unless otherwise specified, we will refer to the case when no anti-tag condition is imposed on the outgoing electron. The function f (e) γ is given in this case by
2)
The scale µ W W , according to ref. [25] , will be taken equal to the quark mass for the pointlike component.
The choice of µ W W in the case of the hadronic component is a debatable issue. Intuitive reasoning leads to conclude that this scale should not be larger than a typical hadronic scale, because a strongly off-shell photon would have smaller probability of mixing with hadronic resonances. Some authors (see refs. [26, 27, 28] ) suggest instead that this scale should be related to the hardness of the process, and should therefore be larger for bottom production than for charm production. In practice, in the charm case, changing µ W W from 1 GeV up to the quark mass has only a few percent effect on the size of the hadronic component for charm production, while for bottom production the effect could be as large as 20%. In both cases, as we will see, these effects are, at present, much smaller than other sources of uncertainty. In the following we will choose µ W W = 1 GeV for charm and µ W W = 3 GeV for bottom. We also notice that, in the case when an anti-tagging condition is imposed, this problem is not relevant Table 5 : Pointlike component of the total charm cross sections (µb) in ep collisions, at E CM = 314 GeV, for various input parameters, as indicated.
at all.
We present in tables 5 and 6 our predictions for the total charm cross sections, for the pointlike and the hadronic component respectively, at E CM = 314 GeV. The proton and photon parton densities are chosen as in the case of photoproduction. We do not consider here the CTEQ2M set, which gives essentially the same results as our default set MRSA. We observe that the most important source of uncertainty is the charm mass. The ratio bewteen the extreme choices m c = 1.2 and 1.8 GeV can be as large as 4.3 for the pointlike component and 10 for the hadronic component, and becomes larger for smaller values of the renormalization scale. The renormalization scale variation has a strong effect on the hadronic component (a factor up to 5.5 for the lowest value of the charm mass), and quite a sizeable effect on the pointlike component. As in the photoproduction case, the differences in the hadronic component evaluated with GRV-HO and LAC1 densities are striking. For our central values of m c = 1.5 GeV and µ R = m c , the hadronic contribution obtained with the GRV-HO set is 20% of the pointlike component, while the hadronic and pointlike contributions are comparable when using the LAC1 set.
We also calculated charm electroproduction cross sections with the anti-tagging condition imposed, as in ref. [10] ; the results can be obtained from those presented in tables 5 and 6 by multiplying by a factor of 0.7, which is approximately independent of the parameters of the calculation.
We have checked that varying the factorization scale of the photon in the pointlike component has a very small effect on the results. Table 6 : Hadronic component of the total charm cross sections (µb) in ep collisions, at E CM = 314 GeV, for various input parameters, as indicated.
The MRSA set for the densities in the proton was used.
In our analyses, we have kept the factorization scales µ F and µ γ fixed, since parton densities are usually available only for momentum scales above ∼ 5 GeV 2 . There are actually two independent next-to-leading order parametrizations of densities in the proton valid for Q 2 < m 2 c : an extension of the MRSA set [29] , which we will call MRSA modified, and the GRV-HO set [30] . We have used these two parametrizations to perform a study of the factorization scale dependence of the charm cross section.
The MRSA modified set is obtained by ordinary Altarelli-Parisi evolution of the MRSA set, supplemented with some specific assumptions on non-perturbative effects.
On the other hand, the GRV-HO set has no non-perturbative assumptions. It is obtained by perturbative evolution, starting from "valence-like" inputs at
No attempt is made to mimic the low-Q 2 data. The parametrization of nonperturbative effects inserted in the MRSA set is, strictly speaking, in contrast with the prescriptions of the factorization theorem. Nevertheless, we verified that these phenomenologically motivated inputs are numerically not important for factorization scales around the charm mass and larger. As far as the GRV set is concerned, the validity of the Altarelli-Parisi evolution equations and the perturbative expansion at the very low momentum scale at which the evolution is started is questionable.
However, we believe that both sets are well suited for the purpose of estimating the uncertainties arising from the factorization scale variation.
In fig. 9 we plot the ratio
as a function of ξ. The dot-dashed curve is obtained with µ R = µ, and keeping µ F = µ γ = 2m c , the dashed curve has µ F = µ, µ R = m c and µ γ = 2m c , and the solid curve has µ F = µ R = µ γ = µ. In the case of the MRSA parton densities, we also show (dotted curve) the same quantity, for µ F = µ R = µ γ = µ, with the parametrization of non-perturbative effects removed. In eq. (4.3) σ is the full (poinlike plus hadronic) cross section for an untagged electron and m c = 1.5 GeV. We use the GRV-HO set for the densities in the photon. When varying the hadronic factorization scale, the cross section, in the case of the MRSA modified set, decreases approaching the very low momentum region, where it increases again. This effect is essentially due to targetmass corrections in the parton densities, which sizeably harden the densities at low scales, and which are not present in the GRV set. The solid line is the result for the simultaneous variation of all the scales involved, including the photon factorization scale. We stress therefore that in this case we are probing also photon densities at low momenta. From this study we conclude that variation of the factorization scale brings about an additional uncertainty of 40% in the direction of lower cross sections.
In tables 7 and 8 we present the pointlike and hadronic components of the total cross sections for bottom production at E CM = 314 GeV. The defalut values correspond to all the scales equal to m b , and m b = 4.75 GeV. As expected, in this case the Table 8 : Hadronic component of the total bottom cross sections (nb) in ep collisions, for various input parameters, as indicated, and E CM = 314 GeV.
The proton parton density set is MRSA.
sensitivity to scale variations is much smaller than in the charm case. The sensitivity to the choice of parton densities is even less important than that arising from scale variation. This is because the small-x region, where the various sets mostly differ, is not deeply probed in the case of bottom production. The differences between results from various parton density sets come mainly from the different values of Λ.
The hadronic component, displayed in table 8, is at most 75% of the pointlike component, even when the LAC1 set is used. Again, this is related to the fact that the small-x region, where LAC1 gluon density is much larger than the GRV-HO one, is not so important in this case. In the case of bottom, electroproduction cross sections with the anti-tagging condition imposed on the scattered electron are approximately a factor 0.6 smaller than those presented in tables 7 and 8, independently of all other parameters.
Conclusions
Charm and bottom photoproduction cross sections are theoretically in a better shape than corresponding hadroproduction cross sections. We have presented results which indicate that the small-x effects should be under control at HERA energies, even for charm production, and that a measurement of the pointlike component of the charm photoproduction cross section at HERA could help to discriminate among various possible small-x behaviours of the gluon densities in the proton and in the photon.
We found that the most important source of uncertainty is coming from the hadronic component of the cross section. If the gluon density in the photon is as large as the LAC1 parametrization suggests, then the hadronic component will be comparable or larger than the pointlike component for energies above 100 GeV for charm, and for energies of the order of 280 GeV for bottom. Hopefully, by looking at the structure of the events, experiments may be able to separate the pointlike and hadronic components, and therefore assess their relative magnitude.
We also performed a study on total electroproduction cross sections in the Weizsäcker-Williams approximation, including recent parton density parametrizations, the effect of an anti-tagging condition on the electron, and a more thorough illustration of the sensitivity to the various physical parameters. We find results that are in substantial agreement with earlier studies (ref. [10] ).
